In this study we evaluated in vitro (radical scavenging) and in vivo (hepatoprotective effect) antioxidant activities and antimicrobial properties of the extracts of the above-and underground parts of Geranium macrorrhizum L. (Geraniaceae), an ethnopharmacologically renowned plant species. The antioxidant activity and total phenol and flavonoid contents of four different solvent extracts were evaluated by seven different methods. The methanol extracts, administered i.p. to rats (120-480 mg/kg), were evaluated for hepatoprotective activity in a CCl 4 -induced hepatotoxicity model. The same extracts were tested for antimicrobial activity against seven bacterial and two fungal species. The administered methanol extracts with the highest antioxidant potential showed a significant dose-dependent hepatoprotective action against CCl 4 -induced liver damage in both decreasing the levels of liver transaminases and bilirubin and in reducing the extent of morphological malformations of the liver. The leaf methanol extract displayed a very strong antibacterial activity, especially against Staphylococcus aureus, with low minimal inhibitory and bactericidal concentrations. These results justify the frequent use of this plant species in folk medicine. Besides the known astringent effect, one can expect that the observed antimicrobial activity against several human pathogens contributes to the wound healing properties of this plant.
Geranium species (Geraniaceae L.), commonly known as cranesbills, are flowering annual to perennial plants that are common throughout temperate regions and used in many different places as popular folk remedies [1] . To a great extent, it is believed that the content of hydrolysable and condensed tannins determines the diuretic, antidiarrheal and haemostatic effects of a number of species of this genus [2] . More recently, various Geranium species have been used as antiinfective agents [1, 3] , and antioxidant activity has also been demonstrated [4, 5] .
In Serbia, G. macrorrhizum L. (Zdravac, in Serbian, a word that can be translated into English as 'giver of health') is a common plant, possessing a long and large rhizome, which occurs sporadically on calcareous soil, in shaded locations, in mountainous terrain [6] . Both the rhizome and the herb have been used since antiquity for medicinal purposes to treat diarrhea, and externally for wounds, excessive bleeding, and sores [2, 7] . Additionally, an ethnobotanical study conducted in Montenegro [8] revealed that G. macrorrhizum is utilized for treating inflammatory conditions of gallbladder and its ducts, kidney, bladder and liver. Similarly, in the Kopaonik region of Serbia, zdravac is used for the treatment of intestinal ailments in animals [9] . The hepatoprotective effect of a related plant species, G. thunberghii Sieb et Zucc., used traditionally in Japan as a remedy for liver disorders, is well known and corroborated in a number of experimental models of hepatic injury in rats [10] . A considerable amount of research has been undertaken on a tannin, geraniin, isolated from this and other Geranium species, which is believed to exert this protective effect [10, 11] .
Phytochemical studies of G. macrorrhizum have concentrated mostly on volatile constituents (essential oil) and polyphenolic compounds. The oils were shown to possess a very high and selective antibacterial activity against Bacillus subtilis with minimum inhibitory concentrations (MIC) of 0.4-1.0 μg/mL [1] . Polyphenolic compounds such as gallic, ellagic and 4-galloyl quinic acids, the flavonoid quercetin and three of its glycosides, were identified in the extracts of G. macrorrhizum [5] . Due to the antioxidant properties of these compounds, they suggested a new possible use of zdravac extracts in food (sausage) preservation [12] .
Bearing all of the above in mind, the aim of this study was to evaluate the possible protective effect of G. macrorrhizum extractable matter in a CCl 4 -induced hepatotoxicity model in rats by biochemical assays and histopathological observations in the hope of providing a possible explanation for the use of this plant in the traditional medicine of Balkan peoples. To minimize the number of animals used in the in vivo assays, we decided to perform a number of different in vitro antioxidant experiments prior to the in vivo ones to pinpoint the best candidate extract expected to show the highest hepatoprotective effect. HPLC profiles of the best radical scavenger extracts were additionally acquired and the total phenol and flavonoid contents of all extracts were correlated to their antioxidant potential in order to try to corroborate the starting assumption that the polyphenolic compounds are the ones responsible for the observed activities. An additional goal of this work was to verify whether a possible antimicrobial effect of G. macrorrhizum non-volatile extracts on wound healing exists and not only the above mentioned astringent properties. Thus, in the continuation of our work on the antibacterial and antifungal activity of Geranium spp. [1, 13, 14] , we screened the mentioned extracts in a microdilution assay against 7 bacterial and 2 fungal species.
Of the four solvent extracts prepared by ultrasound-aided exhaustive maceration, the best one in turns of yield was the methanol one, followed closely by ethanol, whereas acetone and ethyl acetate gave low extractible values for G. macrorrhizum ( Table 1 ). The extraction efficiency of methanol in combination with ultrasound was extraordinary: 45.8 and 51.2%, w/w, for the rhizome and aboveground parts (mostly leaves), respectively. The leaves proved to be a better source of total extractible matter in comparison with the rhizome with, in some cases, double the yield ( Table 1 ).
The total phenolic (TP) content of G. macrorrhizum methanol extracts (Table 1) , with 160.2 ± 3.1 and 85.7 ± 1.3 mg of gallic acid equivalents per g of dry plant material (for leaves and rhizomes, respectively), make this plant and these extracts a very rich resource of natural phenolics. Similar results, though not as good as the ones presented here, were reported for G. macrorrhizum by Miliauskas et al. [15] . Ethanol extracts contained a lower, but still significant, amount of phenolics. Extraction with the other solvents, however, did not result in such high values of TP (Table 1 ). In addition to TP content, the total flavonoid (TF) content was also the highest for the methanol extracts (44.9 ± 1.1 and 27.5 ± 0.7 mg of catechin equivalents per g dry plant material for leaves and rhizomes, respectively). In general, the leaf extracts had a higher TF content than the corresponding rhizome extracts ( Table 1 ). The very high correlation coefficient (r 2 =0.9922, Table 2 ) between TP and TF contents suggests that the flavonoid-type compounds are the ones responsible for the total antioxidant capacity (chemical species capable of reducing Mo(VI) to Mo(V) heteropolyacids) of the mentioned extracts.
The methanol extracts showed higher scavenging properties towards the stable 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical (Table 1) compared with other solvent extracts, which can be related to the previous two assays (TP and TF). The reductive capacity of the methanol extracts towards DPPH, compared with Trolox, is shown in Figure 1 . The leaf extracts had a higher DPPH scavenging capacity than the corresponding rhizome extracts (except for the acetone extract). Again, the methanol extracts had the strongest 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical-scavenging capacity: 323.3 ± 1.2 (leaf) and 169. 5 ± 1.1 (rhizome) mg TE per g dry weight ( Table 1 ). Both the rhizome and leaf extracts possessed a strong activity, as presented in Figure 1 . As expected, the value of Trolox equivalents obtained in this assay per g of the same plant material compared with the one from the DPPH test were much higher due to the less stable nature of the ABTS cation radical. These results also agree with those of Miliauskas et al. [15] .
The iron(III) to iron(II) reduction assay (IRA) provides further data on the reducing capacity of a sample and may be a significant indicator of its potential antioxidant activity [16] . The reducing power ability of G. macrorrhizum extracts were compared with the gallic acid standard (the methanol extract activity presented in Figure 1 ). Once again, the leaf extracts had a higher reducing power than the corresponding rhizome extracts (acetone was once more the exception). This assay confirmed that methanol presents the best extraction medium ( Table 1 ). As expected from the notion that the flavonoid-like compounds are responsible for the observed activities, the reducing power of the extracts decreased in order of their polarity decrease: methanol > ethanol > acetone > ethyl acetate.
The results of a related method to the previous one, the ferric reducing antioxidant power (FRAP), for the methanol, ethanol, acetone and ethyl acetate extracts of G. macrorrhizum follow a similar trend of this capacity (r 2 =0.8802, Table 2 ), and these are presented in Table 1 . The methanol extracts yet again had the highest reduction efficiency, 1347.9 ± 46.7 (leaf) and 632.1 ± 9.0 (rhizome) µmol of Fe 2+ per g dry weight ( Figure 1 ). As was the case with the previous full spectrum of in vitro antioxidant tests, the final one performed in this work, the cupric ion reducing antioxidant capacity (CUPRAC) method (466.0 ± 4.1 and 268.9 ± 2.2 mg TE per g dry weight, for leaf and rhizome, respectively), also demonstrated the strongest reducing capacity of the methanol extracts (Table 1, Figure 1 ). The same order of reducing power was observed: methanol > ethanol > acetone > ethyl acetate. High correlation was observed between total phenol content and individual antioxidant assays. The highest correlation of TP was noted with FRAP (r 2 =0.9973), followed by ABTS (r 2 =0.9966), CUPRAC (r 2 =0.9906), and DPPH (r 2 =0.9572), whereas the lowest one (but still significant) was between TP and IRP (r 2 =0.8928).
This demonstrates that the expected high total phenolic content is directly linked to the in vitro and most probably in vivo antioxidant activities. Since there are high values of r 2 ( Table 2 ) between all the performed antioxidant tests covering almost the whole span of radical scavenging activities (stable and reactive radicals) and redox potentials (ferro/ferric and cuprous/cupric, fine tuned by ligation) and the total phenol and flavonoid contents, one can assume that no other compounds but those that are phenolic in nature are responsible for the activity. All the in vitro tests performed point to the methanol extract as the best (showing several fold higher activity than the other ones) in its radical scavenging ability, total content of phenols and flavonoids, and also having the highest yield of extractible matter per g of dry plant material. For these reasons, we decided to make detailed compositional analyses, as well as determine hepatoprotective and antimicrobial activities of the methanol extracts of the leaf and rhizome of G. macrorrhizum.
HPLC analysis of the leaf and rhizome methanol extracts revealed that they mostly consist of glycosidically bound phenolics, most probably possessing gallic and ferulic acid moieties (from UV spectra gathered during these analyses). In order to corroborate this, a portion of the extracts was acid hydrolyzed and analyzed (the chromatographic conditions were optimized for free phenolic acids determination). Both gallic and ferulic acids were identified by co-injection of the pure substances and quantified. Free gallic acid was also present in the rhizome extract, but only in minute amount (c.a. 3 mg per g dry weight, whereas the leaf extract was completely devoid of the free acid). This indicates that the determined total phenolics are for the most part bound.
In the present study, the hepatoprotective activity of G. macrorrhizum leaf and rhizome methanol extracts was assessed in a CCl 4 -induced hepatotoxicity model in rats [17] . The administration of CCl 4 significantly increased the levels of AST, ALT, ALP, γ -GT, PCHE and TB in the rat serum when compared with the control group. The increase of enzyme activity is a characteristic of liver injury, especially the rise in ALT levels [18] . Although the serum levels of these enzymes and TB in the groups of animals that were treated with either of the methanol extracts and CCl 4 were significantly elevated when compared with the control group, these parameters were significantly decreased when compared with the CCl 4 group (Table 3, Figure 2 ). Increase in total serum bilirubin concentration after CCl 4 administration might be attributed to the failure of normal uptake, conjugation and excretion by the damaged hepatic parenchyma and is a very sensitive test to substantiate the functional integrity of the liver and severity of necrosis [19, 20] . Thus, the observed dose-dependent normalization of bilirubin levels in the groups treated with both methanol extracts indicates that these extracts have the potential of restoring liver synthetic function (Table 3 ). These biochemical analysis results suggest a positive effect of the extracts on the reduction of liver damage.
The obtained histological results were in agreement with the measured serum parameters. Microscopic examination of the control group livers (Fig. 3A) showed a normal morphology with the central vein in the centre of the lobule. The liver cells are radially arranged to form sheets. The venous sinusoids converge upon the central vein. Administration of CCl 4 induced severe histopathological deformations of the liver. Normal architecture of the liver was completely lost with the appearance of centrilobular necrosis with tiny vacuoles, lymphocytes infiltration of the periportal area and around the central vein, also fatty changes and sinusoidal congestion were observed. Additionally, the histopathological examinations showed diffuse, numerous, ballooning degenerations. These ballooned hepatocytes were of different sizes and much larger than normal hepatocytes and occasionally appeared as confluent areas. Liver histology of the animals treated with CCl 4 + leaf or rhizome methanol extract ( Figure 3C and 3D) shows a normalization of the hepatic cells, central vein and portal triad. The extract treatments decreased focal necrosis, vacuolation and reduced the lymphocytic infiltration in the liver and presented regenerative effects. This can be considered as an expression of the functional improvement of hepatocytes, which might be due to accelerated regeneration of parenchymal cells or limited damage in the presence of the two G. macrorrhizum extracts.
The trichloromethyl radical, which is generated in the presence of CCl 4 , binds to tissue macromolecules and thus induces peroxidative degradation of membrane lipids and disturbs Ca 2+ homeostasis, which leads to hepatocellular injury and/or depletes antioxidant defenses. Thus, the antioxidant activity or the inhibition of free radical formation must be important in the protection against CCl 4induced hepatopathy [21] . However, the reversal of increased serum enzyme levels in CCl 4 -induced liver damage by these substances may be due to the prevention of the leakage of intracellular enzymes by its membrane stabilizing activity. This is in agreement with the commonly accepted view that serum levels of transaminases return to normal with the healing of hepatic parenchyma and the regeneration of hepatocytes [22] . The efficacy of any hepatoprotective drug is essentially dependent on its capability to either reduce the harmful effects or maintain the normal hepatic physiological mechanisms that have been altered by a hepatotoxin [23] . On the other hand, there is growing evidence that activation of the antioxidant system is required to attenuate the inflammatory response in several diseases, including CCl 4 -induced hepatotoxicity [24] . Hepatotoxins, such as CCl 4 or endotoxin, rapidly induce proinflammatory cytokines, such as TNF-α and IL-1β̣ by Kupffer cells, and recruit stromal cells of the liver (endothelial cells, stellate cells and hepatocytes) to participate in this inflammatory response via paracrine production of cytokines, as well as chemokines to attract circulating immune cells, further amplifying an inflammatory response [25] .
The antimicrobial activity of the two methanol extracts (leaf and rhizome) was evaluated against seven bacterial and two fungal strains. The results obtained by a microdilution assay (Table 4) showed a significant inhibiting activity of the extracts, for which the MIC values ranged from 15.6 to 500 μg/mL (leaves) and from 15.6 to 5000 μg/mL (rhizomes). The leaf extract exhibited inhibitory activity against six bacterial and one fungal strain. The most resistant bacterial strain, whose growth was not inhibited by the extracts in the tested concentration range, was the Gramnegative Escherichia coli.
Additionally, confirmation of this higher resistance of all tested Gram-negative strains can be found in the fact that all strains, except Salmonella enteritidis, were inhibited only by the extracts' highest tested concentration -500 μg/mL. On the other hand, Grampositive strains showed a higher sensitivity with Staphylococcus aureus being inhibited by only 15.6 μg/mL of the extracts (Table 4) . Although having a good inhibitory effect against bacteria, a microbicidal one was not observed, even at the highest tested concentrations, except in the case of the most sensitive strain, S. aureus, with a minimum bactericidal concentration of 62.5 μg/mL. Antifungal activity of the leaf extract of G. macrorrhizum was only detected against Aspergillus niger, with an inhibitory effect displayed at 500 μg/mL. The yeast Candida albicans was not susceptible to this extract in the tested concentration range ( Table 4 ).
The rhizome extract of G. macrorrhizum, with ten times higher MIC values, showed lower activity than the one obtained from the leaves extract. This extract also showed an inhibitory effect against all the tested strains, whereas microbicidal activity was exhibited against five strains. In accordance with the results for the leaf extract, the more resistant strains belonged to the Gram-negative bacteria. The results for the rhizome extract indicated the highest sensitivity of the Gram-positive Bacillus subtilis, while the most resistant one was, once again, E. coli. The rhizome extract showed an antifungal effect against both tested fungal strains, but this time the yeast C. albicans showed a much higher susceptibility than the tested mold, A. niger.
Generally speaking, the obtained activity of the two tested extracts isolated from G. macrorrhizum is very significant bearing in mind that in most cases, essential oils are the main carriers of the plant's antimicrobial activity, while extracts usually possess lower activity. The present leaf extract and essential oil [1] of the aerial parts showed very similar active concentrations, except in the case of B. subtilis. Since both studies utilized four strains with the same ATCC number (S. aureus, E. coli, B. subtilis and C. albicans), closer comparison of these results is discussed herein. The extracts from the present study showed higher activity against C. albicans (rhizome extract in comparison with the rhizome essential oil) and S. aureus (both extracts in comparison with the oil from the same plant parts). On the other hand, activity of the essential oil was slightly higher in the case of E. coli and much higher in the case of B. subtilis, as mentioned above. In total, we must highlight very similar active ranges of concentrations of the extracts in comparison with the essential oils isolated from the same part of G. macrorrhizum.
The in vitro analyses performed in this work included a wide variety of antioxidant activity methods: TP, TF, DPPH, ABTS, IRA, FRAP and CUPRAC. The antioxidant activities of G. macrorrhizum extracts presented here were significantly higher than those determined by other authors [5] . Whether this is a consequence of a different extraction method or climatic conditions favoring G. macrorrhizum development is a question that needs further consideration. This study showed that among the methanol, ethanol, acetone and ethyl acetate extracts of G. macrorrhizum, the methanol one of both the leaves and rhizomes demonstrated the highest antioxidant activities. The antioxidant potency in all performed assays decreased in the order of decreasing solvent polarity: methanol > ethanol > acetone > ethyl acetate. Overall, the methanol extracts of G. macrorrhizum were the most potent in scavenging the DPPH and ABTS radicals, as well as in reducing ferric and cupric ions and were for that reason chosen for the in vivo test (hepatoprotective activity) and antimicrobial assays. The last two can be connected to the ethnopharmacological uses of this medicinal plant. The presence of high levels of phenolic compounds in the methanol extracts significantly contributed to the observed antioxidant activities and dose dependent hepatoprotective effect of the extracts in the CCl 4 -induced liver damage model. There are at least three possible mechanisms of action that can be envisaged: 1) the radical scavenging effect (the formed CCl 3 · radicals are quenched by the phenolic groups of G. macrorrhizum constituents), 2) inhibitory action of the extract constituents on the enzymes producing the before mentioned radical from CCl 4 , and 3) cell membrane strengthening effect and the prevention of cell lysis and leakage of cellular content that can induce further liver damage. These modi operandi have all been established for a compound named geranin isolated from a Japanese Geranium species (G. thunbergii) and may well be operational here, but need confirmation [10, 11] . All of the above provides a justification for the popular use of this plant species in folk medicine (the stimulative properties and positive general health effects) and especially for the liver restoring action. One more usage of this plant species is in wound healing, and besides the known astringent effect, we have demonstrated that it also possesses antimicrobial activity against human pathogens that is likewise beneficial in this respect. In addition to the activity of the polar (methanol) extracts of G. macrorrhizum with a high phenol content, the essential oil of this species was also found to be active against a number of bacterial and fungal strains [1] . This gives another argument for the total antibacterial and antifungal effect observed for this plant species extracts.
Experimental
General: Extractions were made using an ultrasonic bath (Bandelin SONOREX ® Digital 10 P, Sigma, USA). UV measurements were obtained on an Agilent 8453 (Agilent Technologies, USA) spectrophotometer. An Agilent Technologies 1200 HPLC system (Agilent Technologies, USA) equipped with a quaternary pump, autosampler and diode array detector was used for the identification and quantification of phenolic acids and flavonoids. All chromatographic separations were performed on an analytical column ZORBAX Eclipse XDB-C18 (4.6 × 150 mm, 5 μm, Agilent Technologies, USA). A gradient of acetonitrile (A) and deionized water containing 0.1%, v/v, of formic acid (B) mixtures of decreasing polarity were used for elution: 0-15 min 10% A, 15-35 min 10-30% A. The flow rate was set at 0.8 mL/min, column temperature at 30C, and 20 µL of the above prepared solutions was injected. Data were acquired in the spectral range of 200-600 nm and integrated at 260, 280 and 320 nm.
Plant material:
Aerial and underground parts of G. macrorrhizum L. (Geraniaceae) were collected from the mountain range Svrljiške planine, in the vicinity of the city of Svrljig, south-eastern Serbia.
Preparation of the extracts for in vivo experiments and microbiological assays:
Two batches of 100 g of the aerial and underground parts were exhaustively extracted with methanol to afford c.a. 5.0 g and 4.5 g of extractive, respectively, after evaporation of the solvent in a gentle stream of nitrogen. The resulting oily residues were dissolved in physiological saline at a concentration of 300 mg/mL for evaluation of the hepatoprotective effect, and another portion was dissolved in dimethylsulfoxide to give a solution containing 100 mg/mL of extractible matter for the in vitro microdilution microbiological tests.
Phytochemical and in vitro antioxidant studies:
The total phenolic content of the extracts was determined using Folin-Ciocalteau assay [26a] , whereas the total flavonoid content was determined by a colorimetric method [26b]. The antioxidant capacity was studied through the evaluation of the extracts' free radical-scavenging effect on DPPH [26b] and ABTS [26c] radicals. Iron(III) to iron(II) reduction assay [26d], ferric-reducing antioxidant power assay [26e] and cupric ion reducing antioxidant capacity [26f] were also performed.
Evaluation of the hepatoprotective effect:
Male Wistar rats weighing 200-250 g, obtained from our own animal facilities, were housed in large spacious cages at 27±2°C with 12 h light and dark cycle throughout the period of the experiment. The animals were provided with a standard laboratory diet and given tap water ad libitum. On the day of the experiment, the animals were divided into 8 experimental groups consisting of 6 animals each. Two groups served as the positive and negative controls and received CCl 4 (2.5 mL/kg of 50%, v/v, CCl 4 solution in olive oil) and olive oil (10 mL/kg) by intraperitoneal injection (i.p.), respectively. Test groups of rats, 3 groups per extract, were i.p. treated with G. macrorrhizum extracts (leaf and rhizome) prepared as previously mentioned in doses of 120, 240 and 480 mg/kg (body weight). Sixty min after the application of the 2 extracts all animals received 2.5 mL/kg of the 50% CCl 4 solution in olive oil. Twenty-four h after the toxin administration, blood samples were withdrawn by cardiac puncture and rats sacrificed with an overdose of ketamine (Ketamidor 10%, Richter Pharma AG, Wels, Austria). Additionally, the liver of each rat was promptly removed and small sections were collected for histological analysis. All experimental procedures with animals were conducted in compliance with The European Council Directive of November 24 th , 1986 (86/609/EEC) and approved by the local Ethics Committee (number 01-2857-3) given on 27 th April, 2012.
Biochemical measurements:
The blood was centrifuged at 1500 rpm at 4°C for 15 min to obtain the serum. Aspartate transferase (AST), alanine transaminase (ALT), serum alkaline phosphatase (ALP), -glutamate transpeptidase (γ-GT), pseudocholineesterase (PCHE) and total bilirubin (TB) activities were assayed using an Olympus AU680 ® Chemistry-Immuno Analyzer (Olympus America Inc, USA).
Histopathological observation:
The liver tissue specimens separated for histopathological examination were fixed in buffered formaldehyde solution (10%, w/w). The fixed tissue was then dehydrated with different aqueous ethanol solutions from 50-100%, v/v, embedded in paraffin, cut into 4-5 μm thick sections, stained with hematoxylin and eosin, and examined with an Olympus BH2 light microscope (Olympus America INC, USA).
Evaluation of antimicrobial activity: G. macrorrhizum extracts (leaf and rhizome) were tested against a panel of microorganisms, see Table 4 .
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Microdilution antimicrobial assay:
Antimicrobial activity was evaluated using a broth microdilution method [1] . Stock solutions of the extracts were made in DMSO (100%) and then serially diluted (the diluting factor 2). The final concentrations of G. macrorrhizum extracts (rhizome and leaf) in the media were in the ranges 2.00-5000 μg/mL and 0.200-500 μg/mL, respectively. All experiments were conducted in triplicate and repeated twice.
Statistical analysis:
Results were expressed as the mean ± standard deviation. Statistically significant differences were determined by one-way analysis of variance (ANOVA) followed by Tukey´s post hoc test for multiple comparison (Graph pad Prism version 5.03, San Diego, CA, USA). Probability values (p) less than 0.05 were considered to be statistically significant.
